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Abstract 

BACKGROUND: The impaired wound healing in diabetes mellitus is a major clinical problem. 
Sparassis crispa (SC) is a medicinal mushroom and its /3-glucan content is more than 40%. This study 
investigated whether oral administration of SC could improve the impaired wound healing in diabetic 
rats. 

METHODS: Full-thickness skin wounds were created on the backs of streptozotocin (STZ)-induced 
diabetic rats. Diabetic rats were then divided into 2 groups: SC-treated group that was orally admin¬ 
istered doses of 1,000 mg/kg body weight per day of SC for 4 weeks and a control group without SC 
administration. Moreover, collagen synthesis of purified /3-glucan from SC was estimated in vitro. 

RESULTS: Wound closure was significantly accelerated by oral administration of SC. Furthermore, 
in SC-treated wounds there were significant increases in macrophage and fibroblast migration, collagen 
regeneration, and epithelialization compared with the control group. The levels of type I collagen 
synthesized by cultured human dermal fibroblasts for the SC group were significantly higher than those 
for the control group. 

CONCLUSIONS: SC can improve the impaired healing of diabetic wounds. This effect might involve 
an increase in the migration of macrophages and fibroblasts, and /3-glucan from SC directly increases 
the synthesis of type I collagen. Therefore, the use of SC may be extended to the clinical setting and 
prove an effective promoter of wound healing in patients with diabetes. 

© 2009 Elsevier Inc. All rights reserved. 


The wound healing process can be categorized as fol¬ 
lows: inflammation, fibroplasia, neovascularization, colla¬ 
gen deposition, epithelialization, and wound contraction. 
During the healing process, various growth factors are se¬ 
creted to accelerate wound healing. It is also accepted that 
wound repair is an immune-mediated physiologic mecha¬ 
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nism . 1 The normal healing process in healthy individuals 
takes place at an optimal rate, but it is usually delayed or 
even completely impaired in patients with diabetes. This 
impaired wound healing in diabetes mellitus is a major 
clinical problem. High blood glucose hinders proliferation 

r\ 

of cells and decreases collagen production. - Furthermore, 

Q 

decreased chemotaxis and phagocytosis, a reduction in the 
levels of growth factors , 4 and the inhibition of fibroblast 
proliferation all have been suggested to contribute to the 
observed impairment in wound healing . 5 

Glucan is a natural product, a glucose polymer, which has 
immune stimulatory activity . 6 Topical or systemic glucan ad- 
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ministration enhances wound healing by increasing macro- 
phage infiltration and collagen biosynthesis. “ Moreover, 
glucans can directly modulate the functional activity of 
human fibroblasts. 12 Sparassis crispa (SC) is an edible/ 
medicinal mushroom and has been eaten in China and 
Japan. SC was cultivated in Japan recently. At present, 
many people in Japan eat SC and, to date, there has been no 
report of adverse events regarding SC. We found that its 
/3-glucan content was 43.5% by the so-called enzyme 
method. In this study, we investigated whether administra¬ 
tion of SC promotes excisional wound healing in strepto- 
zotocin (STZ)-induced diabetic rats. Moreover, we exam¬ 
ined the effect on collagen biosynthesis in vitro of a 
branched /3-glucan that was isolated from SC. 


Methods 

Componential analysis of SC 

Fruit bodies of SC were cultured by Unitika Co, Ltd, 
Kyoto, Japan. Following hot air-drying and powdering, the 
protein, lipid, ash, and carbohydrate content of SC was 
determined by the Kjeldahl, acid digestion, direct ashing, 
and high performance liquid chromotography methods, re¬ 
spectively. The /3-glucan content was determined by the 
so-called enzyme method in the Japan Food Research Lab¬ 
oratories. 14 

Animals 

Male Sprague-Dawley rats (Charles River, Yokohama, 
Japan) weighing 180 to 200 g were housed individually in 
rooms maintained at a constant temperature and humidity, 
with free access to food and water. They were subjected to 
a 12-hour light/dark cycle. All experimental animals used in 
this study were treated according to guidelines set by the 
Animal Care and Use Committee of Kansai Medical Uni¬ 
versity Animal Center. 

Induction of diabetes mellitus 

Diabetes was induced by a single 65 mg/kg intravenous 
injection of STZ (Wako Chemical Co, Osaka, Japan), a 
toxin specific for insulin-producing cells, in saline-sodium 
citrate buffer (pH 4.5, Sigma, Inc, St. Louis, MO). Blood 
glucose levels were measured using a rapid glucometer 
(GR-102, TERUMO Co, Tokyo, Japan). One week after 
STZ injection, animals with blood glucose levels above 300 
mg/dL were defined as diabetic and used in the study. 
Diabetic rats were then divided into 2 groups: those orally 
administered doses of 1,000 mg/kg body weight per day of 
SC (SC group) for 4 weeks or those without SC adminis¬ 
tration (control group). 


Full-thickness skin wound preparation 

Two weeks after STZ administration, diabetic rats were 
anesthetized with an intraperitoneal injection of sodium 
pentobarbital (45 mg/kg body weight). The dorsal regions 
were shaved with an electric clipper and the surgical area 
was disinfected with 70% alcohol. A round section of full¬ 
thickness skin (diameter —15 mm) was resected with scis¬ 
sors and hemostasis was obtained by direct pressure using 
sterile gauze. Wounds and surrounding areas were then 
covered with an adhesive-permeable dressing (Bioclusive; 
Johnson and Johnson Medical, Skipton, UK). 

Estimation of wound healing (wound closure) 

Curative effect on the wound (wound closure) was eval¬ 
uated by tracing the outer margins of the wound on each rat. 
Wound tracings were scanned using an image scanner 
(EPSON GT-8000; Seiko Epson Corp, Nagano, Japan), and 
images were then exported to an image processing program 
(NIH Image, version 1.52, Public Domain Software). 
Wound areas were traced manually and calculated in square 
millimeters. Wound area was measured at 0, 4, 8, 12, 16, 
and 20 days (10 rats per treatment group per time point) 
after wounding and the wound closure rate was expressed as 
the percentage of wound area compared with that on post¬ 
operative day (POD) 0 (100%). Rats (n = 5) were killed on 
PODs 3, 5, 7, and 14 using an overdose of sodium pento¬ 
barbital (300 mg/kg intraperitoneally) for histological eval¬ 
uation. 

Histological analysis 

The wound and surrounding tissues were fixed with 10% 
formalin, embedded in paraffin, and sectioned. Sections 
of 5 jam thickness were stained using the naphthol AS-D 
chloroacetate esterase technique for neutrophil infiltra¬ 
tion 15 and Azan-Mallory for collagen estimation. Mac¬ 
rophages, fibroblasts, vascularization, and epithelialization 
were examined by immunohistochemical stains. For mac¬ 
rophage staining, anti-macrophage marker mouse monoclo¬ 
nal antibody (NCL- MAC387; Novo Castra Lab, Newcastle, 
UK), was diluted 1:1,000 in 1% bovine serum albumin 
(BSA) in .05 mol/L phosphate-buffered saline (PBS, pH 
7.5) as the primary antibody, and biotinylated goat anti¬ 
mouse IgG (Nichirei Co, Tokyo, Japan) was used as the 
secondary antibody. Fibroblasts were identified by trans¬ 
forming growth factor (TGF)-/31 staining: anti-human 
TGF-/31 rabbit polyclonal antibody (Yanaihara, Inc, Shi¬ 
zuoka, Japan) was diluted 1:500 as the primary antibody and 
biotinylated goat anti-rabbit IgG (Nichirei Co) was used as 
the secondary antibody. Vascularization was estimated from 
vessel staining using anti-von Willebrand factor rabbit 
polyclonal antibody (1:1,200, DAKO, Carpinteria, CA) as 
the primary antibody and biotinylated goat anti-rabbit IgG 
(Nichirei Co) as the secondary antibody. Cytokeratin was 
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Figure 1 Histological analysis. (A) Neutrophil infiltration detected by naphthol AS-D chloroacetate esterase staining. (B) Macrophage 
migration (immunohistochemical macrophage staining with anti-cytokeratin, wide spectrum screening rabbit polyclonal antibody). (C) 
Migrated fibroblasts (immunohistochemical fibroblast staining with anti-human transforming growth factor-/31 rabbit polyclonal antibody). 
(D) Vascularization (immunohistochemical vessel staining with anti-von Willebrand factor rabbit polyclonal antibody). (E) Collagen 
regeneration estimated by Azan-Mallory staining. (F) Epithelialization (immunohistochemical cytokeratin staining with anti-cytokeratin, 
wide spectrum screening rabbit polyclonal antibody). 


used as the marker of epithelialization: anti-cytokeratin 
rabbit polyclonal antibody (1:2,000, DAKO) and biotin¬ 
ylated goat anti-rabbit IgG (Nichirei Co) were used as the 
primary and secondary antibodies, respectively. The 
chromogenic reaction was performed with 3-3'-diamino- 
benzidine-4HCL. Positive staining was indicated by a 
brown color (Figure 1). 

Three separated sections of each wound were examined 
by light microscopy. The number of neutrophils, macro¬ 
phages, fibroblasts, and vessels were counted in 5 high- 
power fields (X100) over 3 separated sections. The stained 
sections of collagen and cytokeratin were displayed at 40 X 
magnification on a monitor connected to a computer system. 
The areas stained in blue (collagen) and in blown (cytoker¬ 
atin) were measured using an image processing program 
(analysis; Olympus Soft Imaging Solutions GmbH, Mun¬ 
ster, Germany). 

Extraction of /3-glucan from SC 

/3-glucan was purified enzymatically. Briefly, pow¬ 
dered SC was suspended in .08 mol/L phosphate buffer (pH 
6.0) and treated with thermo-stable a-amylase (Sigma) for 
30 minutes in boiling water. Then, subtilisin A (Sigma) (30 
minutes, 60°C, pH 7.5) and amyloglucosidase (Sigma) (30 
minutes, 60°C, pH 4.3) treatments were performed in suc¬ 
cession, followed by 80% ethanol precipitation. Precipitate 
was resuspended in water, and dialyzed against deionized- 


water. Inner solution was precipitated with ethanol (final 
concentration 80%) again and dried under reduced pressure. 
Total sugar and protein contents were measured as 82.4% 
(phenol-sulfuric acid method) and 3.5% (Bradford method), 
respectively. 

Fibroblast culture 

Normal adult human dermal fibroblasts derived from adult 
skin (NHDF) were obtained from Kurabo, Osaka, Japan. 
NHDF was cultured with 106S medium supplemented with 
2% fetal bovine serum (FBS), 10 ng/mL human epidermal 
growth factor, 1 jug/mL hydrocotison, 3 ng/mL human fibro¬ 
blast growth factor-basic (hFGF-B), 10 /xg/mL heparin and 
penicillin-streptomycin-amphotericin B mixture. 

Assay of the production of carboxyterminal 
propeptide of type I procollagen 

NHDF-Ad (1 X 10 4 ) was incubated with FBS-free 106S 
medium in a 96-well plate (Iwaki Glass, Tokyo, Japan). 
After 24 hours, medium was replaced with fresh 106S 
medium (FBS-free) containing /3-glucan preparation. Cul¬ 
ture supernatant was collected at 72 hours after sample 
addition and analyzed for type-I collagen using a carboxy¬ 
terminal propeptide of type I procollagen (PIP) enzyme 
immunoassay (EIA) kit (Takara Shuzo, Kyoto, Japan). 











506 


The American Journal of Surgery, Vol 197, No 4, April 2009 


Statistical analysis 

All data were expressed as means ± SEM. Comparisons 
among groups were performed using 1- or 2-way analysis of 
variance (ANOVA), followed by Bonferroni post hoc test 
when variances across groups were equal or by Dunnett’s 
T3 post hoc test when variances were not equal. Variance 
equality was tested by Levene statistical analysis. A P value 
less than .05 was considered to be statistically significant. 


Results 

Componential analysis of SC 

The protein, lipid, ash, and carbohydrate contents of SC 
were 13.4%, 2.0%, 1.8%, and 21.5%, respectively. The 
/3-glucan content of SC was 43.5%. 

Diabetic condition 

Blood glucose levels in diabetic rats used in the present 
study were consistently higher than 300 mg/dL. These high 
levels were maintained over the entire experimental period. 
Moreover, oral administration of SC did not affect the blood 
glucose levels of diabetic rats. 

Effect of SC on wound healing 

First, the difference in wound healing between normal 
rats and diabetic rats was measured. Wound contraction in 
diabetic rats was significantly delayed compared to that in 


Figure 2 Wound closure in normal rats and diabetic rats treated 
with Sparassis crispa (SC). The wound closure rate was expressed 
as the percentile of wound area compared with that on postoper¬ 
ative day (POD) 0 (100%). Values are mean ± SEM, n = 10 for 
each group. <.01 vs DM group, fP <.05, and ffP <.01 vs 
Normal group (2-way ANOVA). DM, streptozotocin-induced di¬ 
abetic rats; Normal, streptozotocin-untreated rats; POD, postoper¬ 
ative day. 



Figure 3 Effect of oral administration of Sparassis crispa (SC) 
on neutrophil infiltration and macrophage migration during skin 
wound healing in diabetic rats. (A) Number of infiltrated neutro¬ 
phils stained with naphthol AS-D chloroacetate esterase. (B) Num¬ 
ber of infiltrated macrophages (immunohistochemical macrophage 
staining). Values are means ± SEM, n = 5, for each time point. 
*P <.05 vs control group (two-way ANOVA). HPFs, high-power 
fields; POD, postoperative day. 

normal rats. In diabetic rats, an administration of SC re¬ 
sulted in rapid wound healing and significant differences 
were observed between the SC and control groups (Figure 2). 

Histological analysis 

Administration of SC promoted increases in the number 
of infiltrating neutrophils on PODs 3 and 5, although with¬ 
out statistical significance (Figure 3A). Conversely, macro¬ 
phage migration, identified by immunohistochemical stain¬ 
ing, was greater in the SC group than in the control group, 
and a significant difference was seen on POD 3 (Figure 3B). 
The number of migrated fibroblasts expressing TGF-/31 in 
the subcutaneous layer after the wounding was significantly 
greater in the SC group than in the control group on PODs 
3 and 5 (Figure 4A). Vascularization identified by von 
Willebrand factor was slightly enhanced in the SC group; 
however, there was no significant difference from the con¬ 
trol group (Figure 4B). Moreover, the collagen regeneration 
area estimated by Azan-Mallory staining was significantly 
wider in the SC group than in the control group on POD 7 
(Figure 5A). Finally, the epithelialization area stained for 
cytokeratin was significantly increased after skin wounding 
in the SC group compared to the control group on POD 14 
(Figure 5B). 
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Effect of /3-glucan from sc on collagen production 

As shown in Figure 6, /3-glucan treatment dose-depen- 
dently increased the PIP concentration in NHDF culture, 
and statistically significant activity was observed at more 
than 100 /xg/mL. 


Comments 

The wound healing process can be categorized as fol¬ 
lows: inflammation, proliferation (formation of granulated 
tissue), and tissue remodeling. Re-epithelialization of 
wounds begins within hours of injury and proceeds first 
over the margin of the residual dermis and subsequently 
over granulation tissue. 1,16 Injury to the skin and concom¬ 
itant blood vessel disruption lead to extravasation of blood 
constituents, followed by platelet aggregation and blood 
clotting. These events initiate inflammation and set the stage 
for repair processes. In response to tissue loss, fibroblasts 
proliferate and migrate into the defect until the wound is 
populated by fibroblasts and extracellular matrix. 

STZ selectively destroys pancreatic /3 cells, inhibits the 
synthesis and release of insulin, and causes the onset of 



Figure 4 Effect of oral administration of Sparassis crispa (SC) 
on fibroblast migration and vascularization during skin wound 
healing in diabetic rats. (A) Number of infiltrated fibroblasts (im- 
munohistochemical transforming growth factor-/31 staining). (B) 
Number of vessels (immunohistochemical von Willebrand factor 
staining). Values are means ± SEM, n = 5, for each time point. 
*P <.05 vs control group (2-way ANOVA). HPFs, high-power 
fields; POD, postoperative day. 



Figure 5 Effect of oral administration of Sparassis crispa (SC) 
on collagen regeneration and epithelialization during skin wound 
healing in the diabetic rats. (A) Collagen areas (Azan-Mallory 
staining). (B) Cytokeratin areas (immunohistochemical cytokera- 
tin staining). Values are means ± SEM, n = 5, for each time point. 
*P <.05 vs control group (2-way ANOVA). POD, postoperative 
day. 


diabetes mellitus. 18 It has been shown that blood glucose 
levels peak 1 to 3 days after a single high-dose injection of 
STZ, and then remain elevated. 19 STZ-induced diabetes in 
rodents is considered to be a model of insulin-dependent 
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Figure 6 Effect of /3-glucan from Sparassis crispa on collagen 
production of normal human dermal fibroblasts. Values are mean ± 
SEM, n = 3 for each group. *P <.05 and <.01 vs /3-glu- 
can-untreated group (1-way ANOVA). PIP, procollagen type I C 
peptide. 
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diabetes mellitus and is widely used in the study of insuli- 
nopenia and hyperglycemia. Diabetes that has been in¬ 
duced by a single high dose of STZ is typically accompa¬ 
nied by diabetic symptoms such as weight loss, polyuria, 

1 

hyperglycemia, and neuroendocrine dysfunction." Im¬ 
paired wound healing occurs in patients with diabetes and 
has been reported to be associated with high blood glucose 
levels."" In the present study, oral administration of SC 
increased migration of macrophages and fibroblasts, colla¬ 
gen regeneration, and epithelialization under hyperglycemic 
conditions. 

SC was found to be a good source material to prepare the 
antitumor /3-glucan with a very high yield. In a previous 
study, SC was repeatedly extracted with hot water, cold 
NaOH, and then hot NaOH, and the primary structure of the 
polysaccharide fractions of these extracts was analyzed by 
chemical, enzymic, and nuclear magnetic resonance meth¬ 
odologies. The primary structure of these polysaccharide 
fractions was found to be 6-branched l,3-/3-glucan, having 
1 branch in approximately every third main chain unit. All 
of these fractions were shown to have strong antitumor 
activity against the solid form of sarcoma in mice, with 
strong vascular dilation and hemorrhage reaction by the 

r\ o 

administration of a microgram quantity." Moreover, /3-glu- 
can that was purified from SC enhanced the hematopoietic 
response in cyclophosphamide-induced leukopenic mice 
and also induced high amounts of interferon-y in spleno- 

cytes. 24,25 

Previous reports have shown that purified glucans in¬ 
creased macrophage infiltration into the wound milieu, 
shortened the time to onset of fibroplasia and fibrogenesis, 
stimulated tissue granulation, and enhanced re-epithelializa- 

r\ s' O Q 

tion in a variety of experimental wound models." 1- " Mul¬ 
tiple pattern recognition receptors for glucans were found 
on neutrophils, macrophages, fibroblasts, and endothelial 

1 O OQ QA 

cells. ’ ’ The first step in the modulation of macrophage 
function by glucan is the binding to a /3-glucan-specific 

O 1 

receptor on human and murine macrophages. Following 
binding, glucan is rapidly internalized into macrophages by 
a very active receptor-mediated endocytosis, and stimu- 

Q Q 

lates macrophage cytokine mRNA transcription. More- 
over, Kougias et al " reported the presence of at least 2 
glucan binding sites on normal human dermal fibroblasts, 
and modulated human fibroblast functional activity by in¬ 
creasing the nuclear factor (NF)-kB and transcription of 
interleukin-6 mRNA. 

After migrating into wounds, fibroblasts produce and 
deposit large quantities of matrix protein, predominantly 
types I and III collagen. ’ A potential mechanism of 
glucan-induced early wound repair involves increased 
wound collagen biosynthesis. 9 In the present study, /3-glu- 
can from SC significantly increased type I collagen synthe¬ 
sis in primary cultures of normal human dermal fibroblasts. 
Type I collagen is the most abundant protein component of 

Q/' _ 

granulation tissue. Therefore, assay of the PIP seems to be 
a useful indicator of human wound healing. Because this 


propeptide is set free during the synthesis of new type I 
collagen and stoichiometric release during the formation of 
fibers, PIP in wound fluid is theoretically considered as a 

Q ’'I Q O 

direct measure of collagen type I synthesis. Wei et al 
also reported that glucan stimulates both type I and III 
collagen gene and protein expression in a time- and dose- 
dependent manner, and glucan-induced fibroblast collagen 
biosynthesis is mediated through a NF-1-dependent mech¬ 
anism. 

In our study, SC was administrated to rats until 3 weeks 
post wounding. SC administration increased significantly 
macrophage migration on POD 3, collagen regeneration on 
POD 7, and epithelialization on POD 14. Macrophage in¬ 
filtration after injury (inflammation phase, 0-3 days) causes 
the migration of fibroblasts and release of growth factors. 
Therefore, SC promotes diabetic wound healing not only in 
the inflammation phase but also in the subsequent phases of 
wound healing. For this reason, we did not measure the 
dynamics of beta-glucan uptake post wounding; however, 
we should perform further studies. 

In conclusion, our results indicated that SC initially in¬ 
creases the migration of macrophages and fibroblasts, which 
seem to be very important contributing factors to the im¬ 
provement of diabetic wound healing. Moreover, /3-glucan 
from SC directly increased type I collagen in dermal fibro¬ 
blasts. Therefore, the use of SC may be extended to the 
clinical setting and prove an effective promoter of wound 
healing in patients with diabetes, where skin lesions are 
often slow to heal. 
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